A new generation of integrated miniaturized fibre-coupled solid-state light sources based on microfabricated light emitting diode micro-array (µ-LED), micropackaged with a custom band-pass optical interference filter deposited at the end of an optical fibre, is presented and in this work and demonstrated as excitation light source for fluorescence detection in capillary electrophoresis. 
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Introduction Photometric and fluorimetric optical detection methods are frequently used in capillary based separation techniques including capillary electrophoresis (CE) and capillary liquid chromatography (cap-LC) [1] [2] [3] [4] [5] [6] . While photometric detection is generally valuable and the most common detection in CE and cap-LC, the combination of the most sensitive detection method of laser-induced fluorescence (LIF) detection with CE provides a powerful separation platform with a wide range of advantages including speed, high resolution, efficiency, and sensitivity, as well as low sample and reagent consumption [7] [8] [9] , for applications such as glycomics [10] [11] [12] .
Traditionally used excitation sources for fluorimetric detection are incandescent or arc lamps (halogen or mercury) based on technologies going back over a century, 4 rates, while their main deficiency is the lack of powerful enough emitters in the deep-UV (below 300nm) spectral region [26] [27] [28] .
In the area of on-capillary detection including CE, LEDs have been used in miniaturised low-cost detection systems, both photometric [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and LED induced fluorimetric (LED-IF) [41] [42] [43] [44] [45] , with advantages especially for portable CE instruments [46] . A number of LED-IF detection designs for microfluidic chip-based CE [47] [48] [49] [50] systems have been reported as well.
As LEDs, which otherwise would be more popular as miniaturised light sources for portable devices, are semi-monochromatic and naturally possess bandwidth of approx. 20-50 nm, when used as excitation sources in LED-IF for optimal performance and low baseline noise they have to be combined with low-pass filters [45, 51, 52] .
Miniaturization of the individual optical components (light source, optical filters, lenses, mirrors etc.) and their assembly into a functioning optical system is the limiting factor when creating a miniaturized CE-LIF design either LIF or LED-IF. As LEDs have wide spatial light distribution, focusing optics is usually required for optimal sensitivity of LED-IF detection [45, 53, 54] . Optical fibres directly coupled to LEDs (pigtailed LEDs) [47, 55, 56] are a very popular alternative in creating a spatially directed LED light source. Fibre-coupled LED sources with integrated interference filter could be an attractive integrated micropackaged fibre-coupled light source component for miniaturised optical detection systems.
The µ-LED arrays [57] provide a quasi-collimated light emission and therefore can have a good coupling efficiency to optical fibres.
When integrated and micropackaged with an optical fibre, an interference filter can be inserted between the µ-LED array and the fibre, by depositing this filter on the back surface of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Once the LED micro-array device was fabricated and the filter deposited at the back, it was packaged with an optical fibre: it was mounted on silicon submounts with perforated holes to host the fibre. The device was wire bonded to the p and n pads and two external wires were soldered for connection to the power supply. The fibre was cleaved at the device end in order to maximize the light coupling. Subsequently, the fibre was inserted through a 500µm diameter hole in the silicon submount and the other end was placed across a detector to measure the maximum light output. Once the maximum coupling was achieved the fibre (through the hole) was affixed by a transparent epoxy and cured.
CE experiments. CE experiments were carried out using an in-house built CE 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 electrolyte composed of 50mmo/L acetate buffer (pH 4.75) mixed with commercial DNA analysis gel from Agilent Technologies 1:1 (v:v) was prepared as described in detail elsewhere [12] . The sample was injected hydrodynamically for 15s at a level difference of 7cm and the separation was carried out at -10kV.
Results and Discussion µ-LED array design
The schematic of the -LED array integrated with band-pass filter and optical fibre is shown in Fig. 1A . An important feature of the design of the individual µ-LEDs is a micro-reflector allowing the µ-LED array to emit quasi-collimated light [57] . This is shown in the red framed inset of 
Integrated interference filter
It has been shown that for LED-IF i.e. when using an LED as an excitation light source for fluorescence detection, the light emission characteristics of the LED can be improved by suppressing the emission at higher wavelengths, where the analyte emission intensity is measured, by inserting an excitation low-pass (or suitable bandpass) filter in front of the LED [45, 51] . Generally speaking, an interference filter is a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 multilayer system consisting of alternate layers made of materials with high and low refractive index. Hafnium oxide is a suitable material with high refractive index ~1.97 and good transparency in the blue part of the spectrum, whilesilicon oxide has a low refractive index (~1.47), yielding the desired high refractive index contrast needed for the interference filters. HfO 2 is a material commonly used to manufacture UV filters due to its transparency down to about 250nm. State-of-the-art commercial filters (light transmittance over 90% in the "pass" region, very steep transition to the "nopass" region with extremely low transmission down to ca. 10 -5
) may contain hundreds of layers, and include metal layers as well as dielectric layers to form resonant cavities [31] . However, in this proof-of-concept work we chose to deposit only a relatively small number of layers namely 15 (7.5 pairs) of HfO 2 and SiO 2 layers each of being ¼ wavelength optical thickness in order to cut-off the wavelengths above 490nm and to keep the level of experimental complexity at a reasonable level, while knowing that the filter characteristics will be inferior to those mentioned for the highest quality commercial filters, however being sufficient to demonstrate the concept.
In Fig 2, the black curve shows the transmission of one set of 7.5 pairs of HfO 2 /SiO 2 layers, and the red curve shows the transmission for three sets equalling 22.5 pairs (45 layers).
Fibre coupling and packaging
Packaging process is a key element that assures the mechanical rigidity, as optical fibre coupling may be challenging especially in the here investigated research stage devices. As conventional materials used for OF fabrication (glass and silica) are very fragile and difficult to manipulate when the core jacket is removed, a polymer fibre was used in this work. To enable powering the device at electric currents higher than 10 10mA, a silicon heat sink at the back of the micro fabricated LED μ-array had to be employed. Once the device was fabricated and the filter deposited at the back of the device, it was packaged with an optical fibre, with details of this procedure presented in the experimental section. Photographs of finished ready to use packaged device or assembly are shown in Fig. 3A and 3B. 
µ-LED-IF-OF device characterisation
Two devices -with and without IF -were fabricated and characterized in terms of emission spectra and optical output and its dependency on bias current. The normalized emission spectra are compared in Fig. 4A , showing the emission maxima of the LED at 472nm, with a shift to a maximum at 470 nm. While this relatively small shift was expected for an IF of only 15 layers (7.5 pairs), importantly the relative emission spectrum intensity in the area at the LED emission maximum at 474 nm and above is considerably diminished for the device with the IF. Although this device provides lower light intensity, the light in the undesirable wavelength range (above 490nm) was considerably suppressed.
The optical output of both devices was measured for different bias currents (20, 50 and 75 mA) (Fig. 4B ) and as expected the optical power was proportional to the bias current.
To consider the theoretical maximum optical power that could be coupled into the OF, the number of individual µ-LED elements (from the total 270 individual µ-LED elements arranged in an array of ca. 450 µm in diameter, each about 14 µm in diameter and optical power of ca. 15 µW) have to be considered based on the geometrical design: for the utilised 400 µm diameter OF, ca. 219 individual µ-LED elements fit into this area, corresponding to a maximum optical power of ca. 3.3 mW. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 less than 10% fraction of the calculated maximum, with losses due to the spectral filtering by the integrated IF but likely also due to suboptimal light coupling efficiency in this research device. Although this was not the aim of this proof-of-concept exploration, it is likely the optical power of these µ-LED-IF-OF devices can be increased substantially, potentially to ca. 3 mW for this device (based on a 400 µm diameter OF).
The experimentally measured 225 µW from the µ-LED-IF-OF device correspond to

Flow-through On-capillary detection
An in-house made fibre optic LED-IF detector as described previously [37] was used in this work as shown in the scheme in Fig. 5A . Microphotographs of the optical fibre guiding the light into the centre of an empty capillary and of a capillary filled with fluorescein solution are shown in Fig. 5B and 5C respectively.
To maximize the sensitivity the optimal pickup fibre diameter was selected based on detection limits of fluorescein. A flow-through method was used to determine LODs using manual syringe to flush the liquid through the capillary.
LODs for the non-filtered device were approx. 8x worse than LOD obtained for filtered in the case of all three driving currents as well as pick-up OF diameters. In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 OF. The measurement showed a significantly lower LOD (ca.100x) due to the substantially higher optical output provided by the commercial LED which was coupled to an OF with 1000 m diameter.
Capillary electrophoresis
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